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Abstract. Cirrus clouds have large yet uncertain impacts onmicroscale {100 m) and point to the importance of under-
Earth’s climate. Ice supersaturation (ISS) — where the relastanding how these fine-scale features originate and impact
tive humidity with respect to ice (RHi) is greater than 100 % cirrus cloud formation and the RHi field in the upper tropo-
— is the prerequisite condition of ice nucleation. Here we sphere (UT).

use 1 Hz €230 m) in situ, aircraft-based observations from
87°N to 67 S to analyze the spatial characteristics of ice-
supersaturated regions (ISSRs). The median length of 1-D

horizontal ISSR segments is found to be very small km), ]

which is 2 orders of magnitude smaller than previously re-1 Introduction

ported. To understand the conditions of these small-scale IS-

SRs, we compare individual ISSRs with their horizontally Cirrus clouds, located in the upper troposphere (UT) and
adjacent subsaturated surroundings and show that 99 % arfg@mposed of ice crystals, cover30 % of the Earth's sur-
73 % of the ISSRs are moister and colder, respectively. Wheace (Wylie and Menzel, 1999). As a major uncertainty in
quantifying the contributions of water vapor48) and tem-  climate modeling (Solomon et al., 2007), the magnitude and
perature 1) individually, the magnitudes of the differences sign (cooling or warming) of cirrus clouds’ radiative forc-
between the maximum RHi values inside ISSRs (R ing are not only influenced by macroscopic properties, such
and the RHi in subsaturated surroundings are largely derive@s coverage, thickness and height, but also by microphysical
from the HO spatial variabilities (by 88 %) than from those Properties, such as ice crystal number density and size distri-
of T (by 9%). These features hold for both ISSRs with and bution (Liou, 1992). In order to understand the microphysical
without ice crystals present. Similar analyses for all RHi hor- Properties of cirrus clouds, it is crucial to analyze the initial
izontal variabilities (including ISS and non-1SS) show strong conditions of cirrus cloud formation, i.e., the conditions of
contributions from HO variabilities at variou§’, H,O, pres-  ISS. For example, the frequency distribution of ISS can be
sure (P) and various horizontal scales{—100 km). Our re-  used to estimate the influences of different freezing mecha-

sults provide a new observational constraint on ISSRs on th&isms for cirrus cloud formation (Cziczo et al., 2013), while
the transition from clear-sky ISS to the ISS with ice crystals
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2640 M. Diao et al.: Cloud-scale ice-supersaturated regions

can help to understand the formation and evolution of iceabilities have similar contributions or whether one is more
crystal regions (Diao et al., 2013). dominant than the other.

Ice nucleation happens once relative humidity with respect To compare the contributions of2® andT to RHi vari-
toice (RHi) reaches the nucleation threshold (Rkl) (Koop abilities, the changes of RHi are separated into the con-
et al., 2000; Murphy and Koop, 2005; Peter et al., 2006). Bytributions from the changes of J@& and 7. For example,
definition, RHi=e/es x 100 %, wheree is the HO partial Spichtinger et al. (2005a, b) used radiosonde data on the
pressure ands is the saturation vapor pressure. It is crucial ~100km scale to analyze the formation of ISSRs in the
to understand the temporal and spatial variabilities of RHi,Lagrangian view by large-scale dynamics, such as gravity
since they determine the time and the location of ice crys-waves and warm conveyor belts. They pointed out the im-
tal formation, respectively. However, one of the major diffi- portance of large-scale cooling during the time evolution of
culties in understanding RHi variability is that the processesISSRs based on 100 km-scale Lagrangian model simulations.
influencing it range over numerous orders of magnitudeHowever, the conditions of ISSRs below the 100 km scale
in scale, from the synoptic scale-{000 km; e.g., Rossby have not been analyzed, and it is unclear whethepatial
waves), mesoscale~(L00km; e.g., deep convection), mi- variability is the dominant contribution to RHi spatial vari-
croscale £100 m; e.g., small gravity waves and turbulence) ability in the Eulerian view.
to the micrometer scale (e.g., the activation of aerosols) In this study, we analyze the individual conditions of IS-
(Karcher and Spichtinger, 2009; Lynch et al., 2002). SRs based on 1Hz resolution aircraft observations. This

Recently, Wood and Field (2011) showed that the mediarstudy provides a large number of case studies of ISSRs on
chord length (1-D horizontal size) of cirrus cloudsi4 km the microscale based on the Eulerian view in situ observa-
based on a combination of in situ aircraft observations, sateltions. Direct comparisons between ISSRs and their adjacent
lite observations and numerical model simulations. Howeversubsaturated surrounding environments are conducted in or-
itis unclear how this small-scale horizontal structure of cirrusder to help understand the factors contributing to the spatial
clouds forms and what factors contribute to this feature. Incharacteristics of ISSRs.
particular, although ISS has been widely observed in the at-
mosphere over various geographical locations (Gettelman et
al., 2006; Heymsfield et al., 1998; Kahn et al., 2009; Krdmer2 Data sets and instrumentation
et al., 2009; Lamquin et al., 2012; Vémel et al., 2002), it
has not been analyzed as to whether the ice-supersaturatéa this work, the spatial variabilities of ISS and RHi are ana-
regions (ISSRs, the regions with spatially continuous ISS)lyzed based on the 1 Hz2@30 m) in situ observations made
have the microscale structure similar to that of cirrus cloudsfrom the National Science Foundation (NSF) Gulfstream V
nor have the contributing factors been determined. (GV) research aircraft. Two flight campaigns are combined

The spatial characteristics of ISSRs have only been anafor a comprehensive data set over various latitudes, altitudes
lyzed on the mesoscale based on 1 min averagedb km and seasons. The NSF Stratosphere Troposphere Analyses
resolution) aircraft observations (Gierens and Spichtingerof Regional Transport 2008 (START08) campaign (Pan et
2000). That study concluded that the mean and mediaral., 2010) sampled the upper troposphere/lower stratosphere
lengths of ISSR horizontal 1-D segments ar&50km and  (UT/LS) over North America in April-June 2008, providing
~50km, respectively, and also predicted the existence of90 transects across the thermal tropopause. The NSF HIA-
smaller ISSRs that were not sampled. Other in situ observaPER Pole-to-Pole Observations (HIPPO) Global field cam-
tions at higher resolution (1 Hz), such as Kramer et al. (2009)paign (Wofsy et al., 2011) provided an extensive latitudinal
and Ovarlez et al. (2002), analyzed the RHi distribution for coverage (87N-67 S) over North America and the central
the integration of all the 1 Hz data, but did not address howPacific Ocean from 2009 to 2011, with600 vertical tran-
individual ISSRs are distributed in the spatial view or what sects from the surface to the tropical UT or the extratrop-
factors contribute to their spatial characteristics. ical UT/LS. The flight tracks of the START08 and HIPPO

To help understand the spatial characteristics of ISSRsgampaigns being analyzed in this study are shown in Fig. 1.
it is important to understand the spatial variabilities7of  Flights without HO observations are not shown here.
and KO, as they directly influence the spatial variabili-  Water vapor was measured by the 25Hz, open-path
ties of RHi. Spichtinger et al. (2003) used Microwave Limb vertical-cavity surface-emitting laser (VCSEL) hygrometer
Sounder observations on the00 km scale and showed that (Zondlo et al., 2010). The accuracy and precision gOH
ISSRs, on average, have coldérand higher moisture than measurements are 6 % and %, respectively. Noise levels
subsaturated air. However, it has not been analyzed as to ho(ilo) are typically 1-3% at 25 Hz for flight measurements.
the T and KO spatial variabilities quantitatively contribute The HO measurements were averaged to 1s for consistency
to the higher RHi values inside individual ISSRs. In addi- with the T measurements. The open-path design of the VC-
tion, when deriving the general RHi spatial variability on the SEL hygrometer is critical for the fast response gfHmea-
microscale, it is unknown whethero® andT spatial vari-  surements, as surface absorption and sampling problems may

complicate the response time of closed-path systems. The

Atmos. Chem. Phys., 14, 2632656 2014 www.atmos-chem-phys.net/14/2639/2014/



M. Diao et al.: Cloud-scale ice-supersaturated regions 2641

217 45
216 , .
w‘ 40 %
)| |
gz i) :
° NI, g
CE I 3 g
= - MY \j : v Mooy o M 8
4 213&\;\}3:;\» ‘J‘ JA h ;‘ ‘% A MWW RUT AL =
£ 0 AT b Ppog
AN He T °
Fig. 1. Google map of START08 and HIPPO flights analyzed in this 212 i VV 3
study. Yellow lines represent flight tracks of HIPPO campaign 1-5 211 25 <
and green lines represent the flight tracks of research flights 4-18
(RFO4-RF18) in STARTOS. 210 2.0

7135 7140 7145 7150 71.5571.60x10°
UTC (s)

: Fig. 2. In-flight synchronization between temperaturg énd water
fast response of #O measurements here provides the funda-
P 0 P vapor (HbO) measurements. FluctuationsZinred) and BO (pur-

mental technical support to our analyses of the contributions . .
: . . A le) due to a gravity wave were observed during RFO8 of STARTO08.
of HoO andT fluctuations to the RHi spatial variabilities. ble) du gravity wave w v uring

These fast fluctuations demonstrate the accurate synchronization of
Temperature measurements were recorded by the Rosg- 4 O measurements at the 1 Hz timescale.

mount temperature probe. The accuracy and precisidh of
measurements are 0.5K and 0.01 K, respectively. The uncer-
tainties in RHi were 8-14 % at 233.15-196 K after combin- cle per second under the sampling rate of 18 sn}. This
ing the uncertainties from the VCSEL hygrometer (6 %) andmeasurement range is where the SID-2H ice probe func-
theT probe @ 0.5K). The saturation vapor pressure is calcu- tions well for distinguishing between ice crystals and liquid
lated based on the study of Murphy and Koop (2005), whichaerosols. For 2DC measurements, we define the in-cloud re-
stated that all the commonly used expressions for the vapogions to be wheréV; is greater than zero. The remaining re-
pressure over ice are within 1% of each other at 170-273 Kgions are considered to be clear-sky regions. We note that
We do not apply higher frequency observations to our analthere might be a small amount of data that should be in-
yses, because no fastmeasurements (<1Hz) were avail- cloud but are categorized as clear-sky condition, but these
able in HIPPO, and the fast (sub-HZ) measurements in  data only contribute to a very small percentage of the to-
STARTO8 were complicated by the presence of ice crystakal clear-sky data. For example, the SID-2H measurements
particles. For these reasons, we only use 1Hz data in oust 0 <N.<0.06 cnT2 could be either liquid aerosols or ice
analyses. crystals, but these data only contribute to 1.9% of the to-
To compare the ISS variability between regions with tal clear-sky data aI' < — 40°C. In addition, for the 2DC
and without ice crystals, we use ice crystal concentrationprobe, ice crystals smaller than 25 um are not detected. But
measurements to separate these two types of regions. laccording to the measurements of SID-2H, the observations
STARTOS, the ice crystal concentrations were measured bywith ice crystal mean diameter < 25 pm is only 1.6 % with re-
the HIAPER Small Ice Detector Probe (SID-2H) instrument spect to the total clear-sky data At< — 40°C. Therefore,
(Cotton et al., 2010). The measurement range of SID-2H iseven if these clear-sky data were indeed clouds, they are not
1-50 pm. During the HIPPO Global campaign deploymentsgoing to impact our results significantly. Other measurements
2-5, ice crystal concentrations were measured by the two dithat have been used to help interpret the results include ozone
mension cloud particle imaging (2DC) ice probe (Korolev et (O3), carbon monoxide (CO) and ice water content (IWC).
al., 2011). The 2DC ice probe has a measurement range dfhe analyses of § CO and IWC are based on the measure-
25-800 um, which reports ice crystal number densig(in -~ ments from the START08 campaign only. In START08 O
L~1). Since the ice crystal concentrations were not measuregvas measured by the NCAR dual-beam ultraviolet absorp-
in HIPPO deployment 1, we only compare the ISSRs withtion photometer with an accuracy of 5% and precision of
and without the presence of ice crystals during START085 % (Tilmes et al., 2010). CO was measured using the NCAR
and HIPPO deployments 2-5. Here we use the terminolvacuum ultraviolet resonance fluorescence instrument with
ogy of “in-cloud” to represent the regions with the presencean accuracy of 9% and precision of 0.8 ppbv (Tilmes et al.,
of ice crystals. We note that these terms of “in cloud” and 2010). Total water content was measured by the University of
“clear sky” only represent the conditions of 1-D flight seg- Colorado (CU) tunable diode laser hygrometer with an accu-
ments at 1 Hz resolution. For SID-2H measurements, we deracy of 20-25 % and precision of 5% (Davis et al., 2007).
fine the in-cloud regions as locations where the total ice parti-The IWC value is derived by deducting the water vapor mea-
cle concentrations are greater than 0.06 8uring the 1Hz ~ surements of VCSEL hygrometer from the total water con-
measurements. We used 0.06chas the threshold for SID-  tent measurements of the CU hygrometer.
2H instrument because it represents greater than one parti-
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Because any synchronization delays between i@ &hd

T measurements would impact our analyses of their contri?¢ ~ A(¢) = e1—e2. ()
butions to the RHi fluctuations, we demonstrate the in-flight\ya 4150 separate the changeseirterm de into the con-
synchronization between tifeand HO measurements With i, vions from the variability of HO volume mixing ratio
the special case of a gravity wave observed in START08 '&{H,0OMR, ppmv) and the variability of total pressuré,(
search flight (RF) 08 (Fig. 2). We note that this gravity wave pg) - gimilarly, only the first terms of the Taylor expansion
has unusually high frequency and magnitude as well as @e considered fafH,OMR andd P, assuming that changes
clearly observable wave structure, which were not typically ;o relatively small. The contributions of the®MR and P

seen during the .STARTOS' and HIPPO flight campaigns. INyariabilities tode are defined agey,omr anddep, respec-
general, as the aircraft horizontally transects through a graviyely:

ity wave near the tropopause, the® concentration an@
values are expected to anticorrelate with each other. In thig/e = 4(H,OMR- P) = P - dH,OMR+H,OMR-dP  (2a)
case, the gravity wave haslO oscillations with an average
period of~8s (~1800 m). The peaks of #D concentration
match well with the troughs of values in individual peri-
ods, which demonstrate thatand HbO measurements have dH,OMR =~ A(H,OMR) = H,OMR; — H,OMRy, (2b)
a fast, synchronized response to the fluctuations of the atmo-

spheric conditions at 1 Hz resolution.

=dey,0MR +dep,

dP ~ A(P)= P,— P». (2¢)
3 Methods To directly compare how D andT variabilities contribute

to individual ISSR conditions, we compare the RHi val-
3.1 Method for analyzing RHi spatial variability ues inside and outside of each ISSR. We calculated the dif-

ference between the Rflix inside an ISSR (RHimauxsige)

Based on the Clausius—Clapeyron equation, the variability ofand the RHi of the horizontal adjacent subsaturated regions
RHi is directly contributed by the variabilities of @ and  (RHioytsigd- This difference is defined atRHimnax. Here we
T. Although previous studies have analyzed the spatial vari-use the mean RHi of the horizontally adjacestl(s) sub-
abilities of 7 and HO (Cho et al., 2000) and the variance saturated air as representative of Rldige although other
scaling of7T and HO (Kahn and Teixeira, 2009; Kahn et al., larger scales (e.g; 2s,+3 s, up to 30s) of subsaturated
2011), it is still unclear for individual ISSRs how the higher conditions have also been tested to verify our results. We ap-
RHi values inside ISSRs than their adjacent subsaturated ajsly Egs. (1) and (2) ta/RHimax to quantify howdRHimax
are derived fron¥” and HO spatial variabilities. In addition, in each ISSR segment is composed of a paiiRHi, and
although it has been shown for the boundary layer that JRHir.
contribution to RH variability becomes more important from  Similarly, we analyze the horizontal spatial variabilities
mesoscale to microscale (Price and Wood, 2002), it has nodf all RHi (including both ISS and non-ISS) using Eq. (1).
been analyzed for the RHi in the UT as to whether The Here the RHi difference between the mean RHi values of
contribution follows similar trend. two horizontally @ P <1 hPa) adjacent segments is defined

To quantify the contributions from #D andT spatial vari-  asdRHi. The RHi variability withd P <10hPa as well as
abilities to the RHi spatial variability, we separate the changethat with no pressure restriction are also analyzed. Different
of RHi (¢RHi) into two parts: the contributions fromJ@ scales of horizontal segments are analyzed fro280 m up

partial pressure variability/RHi,) and those fronT" vari-  to ~115km. The maximum scale of the horizontal segment

ability (dRHi7). Applying the chain rule t@RHi, we get is limited to 115 km {500 s) because of the strict pressure
_ e 1 1 . . restriction ¢ P <1hPa) and the decreasing number of con-

dRHi = de—s = ede—s + e—sde = dRHir 4+ dRHiy; (1a) secutive flight samples with the increasing scale. We apply

Egs. (1) and (2) to théRHi of each pair of horizontal adja-

heree is the O partial p:es;Slireg g”g "3 the tshaturatlo?_ va-f cent segments and quantify how the fluctuations gBtand
por pressure over ice calculated based on the equation from." (o o o Lo

Murphy and Koop (2005). Because aircraft sampling is dis-

cretely distributed, we use the difference between two points3 2 Method for analyzing the mean absolute deviation

as an approximation of the derivative. We assume that the  f RHi

magnitudes ofl(1/es) anddeterms are relatively small, such

that only the first terms of the Taylor expansion are consid-Another similar method for analyzing contributions to the

ered in Egs. (1b) and (1c¢): RHi field is to examine the variabilities around the mean
1 1 1 1 value for a certain length scale. In this regard, we also an-
d—~A(—)=—— (1b)  alyze the RHi horizontal spatial variability in terms of the

e es’ es1 e . e .
s s ’ mean absolute deviation of RHi RHi). o RHi is calculated
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Table 1. Data distribution and sampling range in this work.

2643

Data distribution NH SH Tropics Extratropics

(0-87 N) (0-67S) (30 S-30N) (30°N-87N,
30-67S)

Flight hour of allT range (h) 296.9 104.9 92.6 309.2

Flight hour ofT <—-40° C (h) 136.3 31 21.4 145.9

ISS observation (h) 9.3 15 1.0 9.8

T (K) min; max 204.2;311.0 195.9;305.3 204.4;311.0 195.9; 309.6

P (mb) min; max 133; 1023 133; 1039 134; 1024 133; 1039

H20 (ppmv) min; max 1.87; 37500 1.45;38900 2.41;38900 1.45; 28900

for individual horizontal § P <1hPa) segments during the absolute values. Therefore at least one of the term®Rbdi,
aircraft sampling by comparing each 1 Hz RHi value within ando RHiy should be non-negative, which means that at least
that segment with the mean RHi value (Eq. 3a). The averagene of the HO or T fluctuations positively contributes to the

contributions from the variabilities of #D andT to the mag-
nitude ofo RHi inside this segment are definedseRHi,; and

direction of RHi fluctuation. For example, for a segment of
aircraft observations of fluctuating RHi, when the RHi value

oRHir in Egs. (3b) and (3c), respectively. The calculations of one point is smaller than the mean RHi value, there should
of oRHi, andoRHir consider the signs (positive or nega- be lower HO concentration or highdf, or both, at this point

tive) of the O andT contributions too RHi by using the
sgn(x) and sgn(x) terms, respectively.

>V | (IRHi; — RHi))

oRHi = N1 , (3a)
YN g R e )
oRHi, = == N"_ : : (3b)
S = _ =
RHi S i (sgrtar) [2( L >|)7 -
N-1

sgn(x,) = 1, if (RHix —m)(i(ek -2) >0,
€s

sgn(x,) = —1, if (RHix —m)(;(ek —e) <0,
S

sgn(xr) = 1, if (RHi; —m)@(i - i)) >0,
€k

sgn(xr) = —1, if (RHi; — RH|)(e(— - —)) <0,

€skg  €s

where N is the sample size, angHi, ;15 ande are the

mean values of RH|— and e in the sampling range, re-
spectively. Similar to the/RHi analyses of the horizontal
RHi variability, the maximum scale of RHi is also limited

with respect to the meanJ® andT values of the segment.
Using Eq. (3) can help us separately quantify the contribu-
tions of HLO andT to the fluctuation of RHi, regardless of
whether the RHi change is positive or negative at each point.

We note that the current method differs from the previ-
ous variability analyses of Gierens et al. (2007). Although
Gierens et al. (2007) first decompos#dHi into the fluctu-
ations of HO andT (similar to Eq. (1a) in this work), they
used the standard deviations of® andT to compare the
contributions of HO andT variabilities to RHi variability.
The standard deviations of2® and7 do not account for
the direction of their changes, and therefore cannot address
whether the fluctuations of ¥ andT are in the same (or
opposite) direction with RHi fluctuation. For example, for a
time series of continuously increasing RHi with increasing
H>O andT, the increasingl’ actually provides a negative
contribution to the increasing RHi along the time series. But
this negative contribution of increasirig is treated as the
same as the positive contribution of increasingOHwhen
comparing the standard deviations Bfand HO. In other
words, using the expression of standard deviation for this
type of analyses would overestimate the contribution to RHi
variability when the changes ofJ@ (T') are in the opposite
(same) direction of RHi changes.

to 115km (v = 500) because of the strict pressure restric-4 Results and discussion

tion (d P <1hPa) and the decreasing number of consecutive

flight samples with increasing scale. According to these def-4.1  Overall aircraft sampling of ISS and ISSRs

initions, when the changes in,B concentration have the

same sign as the changes in RHi, thegCHcontribution to  The data distribution and sampling range of this work are
RHi fluctuation is positive, as is theRHi, term. Similarly, = shown in Table 1. The observations includ€00h and
when the changes ifi have the opposite sign as the changes~100 h in the Northern and Southern Hemisphere (NH and
in RHi, o RHir term is positive. TherRHi term should al-  SH), as well as~310 h and~90 h in the extratropical (306—
ways be greater or equal to zero, because it is the sum d87° S and 30 N-87 N) and tropical regions (306—30 N),

www.atmos-chem-phys.net/14/2639/2014/ Atmos. Chem. Phys., 14, 263356 2014
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Fig. 3. Distribution of the number of observations At< —40°C ~ all data (red), the clear-sky (light grey) and the in-cloud data (dark
in the latitudinal and vertical view for the START08 and HIPPO grey). For all the 1 Hz data (red), the PDF of RHi >100 % follows
campaigns. The color code shows the number of observations i@n exponential decay: In(PDF)=t+ b x RHi, wherea =5.4+0.5,
each 10 x 25mb bin in the log scale. b=-0.104+0.003 & o, o is 1 standard deviation).

respectively. The overall observationsiafP and HOrange  and HIPPO deployments 2-5), 97 % of total observations at
from 196 to 311K, 133 to 1039 mb and 1.5 to 39000 ppmv, T < —40° C were in clear sky and 3 % were in cloud. For the
respectively. The whole data set consists~@17h of 1Hz  clear-sky conditions, 5% were ice supersaturated. For the in-
observations af' < —40°C (~62h from START08~155h  cloud conditions, 54 % were ice supersaturated.
from HIPPO). Unless noted otherwise, we restrict our analy- To demonstrate the general consistency with past work for
ses toT' < —40°C to ensure that no ambiguities from super- in-cloud measurements, we examine the probability density
cooled liquid water are involved (Murphy and Koop, 2005). function (PDF) of the RHi for in-cloud conditions. The PDF
The overall distribution of the observationsiak —40° C is of 1 Hz in-cloud RHi in STARTO08 and HIPPO campaigns 2—
illustrated in Fig. 3 in the latitudinal and vertical view. Here 5 peaks around 95.5-98.5% (Fig. 4). Ovarlez et al. (2002)
the number of observations is binned by i®latitude and  analyzed 1 Hz aircraft observations at Prestwick, Scotland
25mb in pressure. Fig. 3 shows that our observations from(55° N), and showed that the PDF of in-cloud RHi peaks at
the HIPPO and STARTO08 campaigns cover a wide latitudi-97.5 % atT’ < —40° C, which is very consistent with our ob-
nal range (87N—67 S) and vertical range~130-550mb).  servations. Another previous study of Kramer et al. (2009)
Note that the NSF GV aircraft ceiling (<15 km) preventsus used 10 % as RHi bin size for 1 Hz observation and showed
from sampling the majority of the tropical tropopause layer. that the in-cloud data peak at 100%. For the larger scale
Of the 217 hours af" < —4(° C, there are~11h of ISS  (~45km) RHi distribution, Kahn et al. (2009) used satel-
observations (5%). For these ISS observations, 87 % andte observations to show that the in-cloud RHi peaks around
13% of them were in the NH and SH, respectively. In ad- 80-90 % in the UT. The lower value of the in-cloud RHi
dition, 90 % and 10 % of these ISS were observed in the expeak for the larger scale observations compared with the
tratropical and tropical regions, respectively. We note that al-smaller scale observations is a common feature, as discussed
though there are fewer ISS observations in the SH and tropby Dickson et al. (2010), since a shallow layer of ice satu-
ical regions atl" < —40°C, there are still sufficient amount ration or ISS embedded within a subsaturated layer may be
of flight hours in the SH-105 h) and in the tropical regions averaged out by satellite retrievals due to their coarse ver-
(~93 h) for our analyses of RH variability at &ll condition. tical resolutions. We note that these past studies were con-
The total ISS observations are composed of 1542 individ-ducted at different temperature and altitude ranges. For ex-
ual ISSR segments. Here an ISSR is defined as the 1-D segunple, the current analyses on ISS are at 196-233.15K; the
ment where ISS is observed to be spatially continuous. Simanalyses of Kramer et al. (2009) were at 183—240K; the anal-
ilar to previous analyses, ISSRs include both clear-sky and/ses of Ovarlez et al. (2002) were a210-250K; and the
in-cloud conditions (Spichtinger et al., 2005b). For the dataanalyses of Kahn et al. (2009) wereZak 243K and HO
set with ice particle measurements (i.e., START08 campaigmmixing ratio < 15 ppmv, which is below15 km. In addition,
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Fig. 5. Distributions of 1 Hz RHi data af < —40° C for clear-sky(A) and in-cloud(B) conditions. The 1 Hz RHi data are color-coded with
regard to BO mixing ratio (ppmv). The black solid line and the grey dashed line represent the liquid water saturation line and homogeneous
freezing line, respectively. The dark dashed line denotes 100 % RHi.

the uncertainties from different measurements may also congion where RHi is consistently above 100 % (thick red line).
tribute to the differences in RHi peak; for example, the un- For each segment of ISSR, we analyze its spatial characteris-
certainty of RHi is 8-14 % in this study. tics in terms of its length and RK}ix In addition, we calcu-

To further compare with the previous 1Hz observationslate the spacing between the ISSRs. Here these spatial char-
of ISS by Kramer et al. (2009), we analyze the distribution acteristics are analyzed in a horizontal Eulerian view, since
of 1Hz RHi data at varioug” for both clear-sky and in- the aircraft's horizontal true air speed is always at leab
cloud conditions. We note that the observations in Kramertimes greater than its vertical velocity. The distributions of
et al. (2009) contain much colder conditions that have notthese characteristics of all 1542 ISSRs are shown in Fig. 6b.
been sampled in the START08 and HIPPO campaigns due t@he number of events of ISSR length and spacing are shown
the flight ceiling restriction of the GV research aircraft. Fig- as red solid dots and green upside-down triangles in Fig. 6b,
ure 5 shows that for both conditions, the RHi observationsrespectively, and the relationship between ISSR length and
are almost always at or below the liquid water saturation lineRHimax value is shown as the open blue triangles. Based on
calculated based on Murphy and Koop (2005). We note thathe number of events of ISSR length, the mean and median of
there are a few points in Fig. 5 that have higher RHi than thelSSR length are 3.5km and 0.7 km, respectively. These val-
liquid water saturation line, but the differences between theseies are 2 orders of magnitudes smaller than the previously
points and the liquid water saturation line are still within the reported mean (150 km) and median (50 km) ISSR lengths
combined uncertainties of 8-14 % in RHi. In addition, the at ~15km resolution (Gierens and Spichtinger, 2000). Be-
observed ISS is mostly at or below the homogeneous freezeause the previous work of Wood and Field (2011) used a
ing threshold of a liquid droplet with 0.5 um radius (Koop et power law distribution to fit the distribution of 1-D cirrus
al., 2000). These findings are consistent with the RHi distri-cloud chord length, here we also apply a power law fit to
bution with respect td" shown in Kramer et al. (2009) at the distribution of ISSR lengths (red dotted line in Fig. 6B);
the same temperature range. We note that the low RHi valuethat is, logg(number of events of ISSR)&+ b x 10g10(ISSR
around <20 % for in-cloud data may represent ice crystaldength). The intercept and slope of the fit are #.0.4 and
that fall into much drier conditions than their initial forma- —0.77+0.11, respectively. The& 1 sigma represents 1 stan-
tion conditions. We also color-coded the RHi data with re- dard deviation for all linear fits in this work. The slope
gard to BO mixing ratio and showed that the; B mixing —0.77£0.11 of ISSR length distribution observed in this
ratios of most ISS observations (99 %) are above 20 ppm\study is comparable with the slopel.66+ 0.06 fitted for
(orange to purple coloring), where complications from cali- cirrus cloud length distribution in Wood and Field (2011).

bration artifacts are less problematic. Besides the analyses on ISSR length scale, we also ana-
lyze the spacings between the ISSR segments and find them
4.2 Spatial characteristics of ISSRs to be very small. The mean and median scales of the spac-

ings are~47 km and~1km, respectively. Similar to the fit
of ISSR length, we apply a power law fit to the distribu-
tion of ISSR spacings (green dashed line in Fig. 6B); that
is, logio(number of events of spacingy=+b x logio(length

A typical time series of the aircraft observations of RHi
(black line), T (red dotted line), HO (blue) and altitude
(green) are shown in Fig. 6a. The ISSR is defined as the re
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of spacing). The intercept and slope of the fit are83(1 A 140 — 55
and —0.40+ 0.03, respectively. The small median value of I 10.84x10°
the spacings suggests that the ISSR segments are closely di: 2

tributed next to each other, which indicates a very patchy, het-
erogeneous structure of ISSRs on the microscale that has nc
been reported before. The 1-D chord lengths of ISSRs canno
be directly treated as the scales of ISSRs in the higher dimen-
sional view, because it is more likely that a larger ISSR wiill &
be transected than a smaller one (Gierens and Spichtinget

2000). Overall, the observed 1-D segment scale of ISSRs 4| =
(~1km) is comparable to the recently observed 1-D median o
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segment scale of cirrus clouds-1km) (Wood and Field, O i 5T 5 Sl o B R 10.84
2011), which may indicate a link between the ISS spatial uree
variability and cirrus spatial heterogeneities. B o 100,o(N_ISSR)=a+bxI0g g(L_ISSR) - 160
To examine whether the larger sized ISSRs correlate with q g TATEOARTATIAON | 150
larger or smaller RHi values, we calculated the meanyRkli o 7 ™ . =
value of all ISSRs within each size bin, as shown by the open  § 1005 | (oo Fiw F140
blue triangles in Fig. 6B. The result shows that the Rii B 7 Mt ok =
value increases with increasing ISSR length scale. We ap- g 5 . _130%
ply a linear fit (shown as a blue dotted line in Fig. 6b) to € 4,4 . tio T
the RHinax value versus the log-scale ISSR length; thatis, Z . T S
RHimax=a +b x log1o(ISSR length). The intercept and slope K } } 0 i g |
of the fit are 64t 5 and 14+ 1, respectively. Although not 12’ I [ a=8445b=14%1 | 100

shown here, the mean RHi values inside ISSRs also increas: T - T " ,
as the scales of ISSR segment lengths increase. These finc 10 "SR isngthorspagingny
ings indicate that large-scale observations may have biases

in estimating RHjax if the small-scale ISSR segments have Fig. 6. Aircraft observation of ISSR(A) An example of the air-
been averaged out due to coarse sampling resolution. Theraft observation time series of RHi (black line ® (blue line),T
correlation between Rk and the ISSR scale shows the (red dotted line) and altitude (green line). The thick red line denotes
importance of understanding the scales of the processes th&#i=100%. The ISSR 1-D segment lengths (L_ISSR) and the
contribute to the formation of ISSRs, since the scales of the’Pacings (L_spacing) (blank area) between the ISSRs are calculated

processes might influence not only the size of ISSRs but alsgy multiplying the true air speed with the transect time inside and
their RHinay value outside the ISSRs, respectively. The minimum scales~&80 m
ax .

(1s times 230 ms! mean true air speed)B) Both ISSR segment
length and spacing are binned by size betwéean2l 21 (m),i =

1, 2, 3. The abscissa shows mean L_ISSR and L_spacing values in
each bin. The left ordinate shows the number of events of ISSR seg-
ment length (N_ISSR, red dots) and the number of events of ISSR
spacing (N_spacing, green upside-down triangles) in each size bin.
To help guantify the observed horizontal patchiness of IS-The right ordinate shows the mean Ridk value in each L_ISSR
SRs, we analyze how the higher RHi inside each ISSR segpin (blue open triangles). A power law fit is applied to the N_ISSR
ment occurs comparing to the horizontally adjacent subsat¥ersus L_ISSR, i.e., Iag(N_ISSR) =« + b x logio(L_ISSR) (red
urated regions (non-ISSRs). The RHi differences betweer‘i’oned Ilne)._Slml_IarIy, a power Iayv fitis applied to N_spam_ng ver-
ISSRs and non-ISSRs fundamentally result from the differ-Sus L_spacing, i.e., lag(N_spacing) = + b x logio(L_spacing)

. . . (green dashed line). A linear fit is applied to Ridi versus the log-
ences inT and HO in these regions. There are three ways scale L_ISSR, i.e., Rhfiax=a +b x logio(L_ISSR) (blue dotted

that a region becomes an ISSRE (1) colder and mo'St?r ('qine). For all linear fits in this study- o meanst 1 standard devia-
terms of absolute D concentration), (2) colder and drier, {jon |ntercepts and slopes of the linear fits for all the graphs in this
or (3) warmer and moister than adjacent non-ISSRs. We notork are represented by values a and b in the legend, respectively.
although theoretically case 2 and case 3 include the situ-

ation of HOjp, =H200yt and Tin = Tout, respectively, these

conditions almost never happen given the high precision ofl+2) (Fig. 7a). Thus, the ISSRs with highepr® concen-
H>O andT measurements. We categorize the horizontal IS-trations are more frequent than those with lower

SRs into these three types, which include 1094 ISSRs on The frequency analyses above of being colder or moister
guasi-isobaric levels/(P <1 hPa). Intotal, 99 % of 1094 hor- do not yet address the contributions of®and7 in de-
izontal ISSRs have higherJ@ inside than outside (cases termining the magnitude of the higher RHi inside each
1+3), and 73% have lower inside than outside (cases ISSR. Therefore, these contributions need to be placed in

6

4.3 Contributions of H,O and T spatial heterogeneities
to microscale ISSRs
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o : comparable terms from Eq. (1). Th&RHinax in each ISSR
A 1SR condition inside vs. outside segment is contributed by a pair@RHi, (Fig. 7b, blue dot)
Tin < Tou C(*f,/seoi‘tztza'r% anddRHir (red dot). The slopes of the linear fits represent
H,0;, > H,0,,, °.55Rs) the ratio of the total contributions, which are 0-88.006
and 0.09:0.005 for HO and T, respectively. Thus the
Tin < Toue Case 2: 0.6% higher RHinax magnitude inside ISSRs compared to outside
H,0,, < H,0,, e is mainly (88 %) contributed by $O variability. The sum of
slopes does not exactly equal 1 since we only consider the
T 5T first terms of the Taylor expansion of the derivativeg ahd
Hzo.m> Ho:; Case 3: 26.7% 1/es (see Sect. 3.1). We note that for the linear fiZ&Hi, or
" o dRHir, the (%) sign in the intercept is omitted in order to be
consistent with the RHi value on the ordinate. For example,
the intercept for the fit offRHi, in Fig. 7b stands for 0.19
B 60 a=019£007 (%) =+ 0.07 (%), which is very close to zero. This is because
b =0.88 + 0.006

a=-0.044 £ 0.063
b = 0.090 + 0.005

whendRHimax approaches zero, tlRHi, anddRHir term
should also approach zero. TA&Hi, term is further an-

alyzed by quantifying the contributions from total pressure
and HO volume mixing ratio using Eq. (2) (Fig. 7c). The
changes in HO partial pressuredg) are almost exclusively
(100 %=+ 0.01 %) the result of the changes of® mixing
ratio and not due to total pressure changes.

The above analyses compared ISSRs with their hori-
zontally adjacentd P <1 hPa) subsaturated air (non-ISSRs)

dRHi,,, dRHi; and dRHI, (%)

e

0 10 20 dRHim(,;:;’ 50 60 within+~ 230m from the ISSR boundary. In order to
demonstrate that the strong contribution o$CH hetero-
c a=-0.0082 £ 0.0124 geneities ta/RHinax does not vary with the lengths of the
= 500 b= 20 0 o2 non-ISSRs being chosen for the comparisons, we tested our
& o0 B=-0.00035:0.00012 result with various lengths of horizontal adjacent non-ISSRs,
] —1:1 ranging from~230m to 6.7 km. Beyond-6.7 km length,
2 300 the intersection with adjacent ISSR segments limits the data
S availability. The contribution of HO heterogeneities does
%3“" 2007 not vary significantly with the scales of non-ISSRs being
£ 1004 chosen for the comparison (Fig. 8).
Considering that the formation of ice crystals inside air
o

‘ ‘ —_— parcels can change the distribution of®by depleting the
0 o Fa) 400 600 vapor phase, we also analyze how the presence of ice crys-
tals would change the correlations between higiOHet-
Fig. 7. Correlations between ISSR heterogeneities Bn>O hor- erogeneities and ISS in the Eulerian view. Using data from
izontal heterogeneitie¢A) ISSR locations are correlated with three the START08 and HIPPO campaigns 2-5 when ice crystals
cases off" and KO spatial heterogeneities. Grey and blank re- were measured, the ISSRs are separated into regions with
gions represent ISSRs and the adjacent horizadfa1 hPa)non-  and without the presence of ice crystals. The contributions
ISSRs, respectivelyi, andTout represent the meah value inside ¢ H,0 andT variabilities todRHimax in these two types of
and outside+£ 1 s) ISSRs, respectively, and similarly fop@;, and ISSRs are analyzed. For these analyg&imax represents
HoOpyut. For 1094 horizontal ISSR segments, 99 % of them corre-the difference between the Ridi value 0} ISSRs and the
late with higher HO heterogeneities (cases-3) and 73 % corre- . . !
mean RHi of the horizontally adjacent(~230 m) subsatu-

late with lowerT heterogeneities (cases-2). (B) dRHimax is the ) ; X
difference between the Rifaxin each ISSR segment and the mean Fated air. For both the ISSRs with and without the presence

RHi of adjacent £ 1) non-ISSRs. The slope @RHimax (1:1 of ice crystals, HO variability is the dominant contributor to
black line) is 1, which is the linear combination of the fitted slope dRHimax (Fig. 9). These results demonstrate that the strong
of T contribution ¢RHiz, red markers; slope: 0.0990.005) and  contributions of HO heterogeneities to the spatial character-
the fitted slope of HO contribution RHi,, blue markers; slope: istics of ISSRs exist before, during and after ice nucleation.
0.884+0.006).(C) Similar to (B), but decomposes the changes of

H->O partial pressure ternmdé black 1: 1 line) into the contribu-

tions from the changes in total pressudeg, red dots) and contri-

butions from the changes ofJ® volume mixing ratio {eq,omR.

blue dots). The slope ale is almost all contributed by the fitted

slope ofdeq,omR-
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Table 2. Contributions of BO andT horizontal variabilities to RH horizontal variabilities at variaglisHoO andP ranges.

Bin by H,O Binby T Bin by P
Ho0 (ppmv)  dRHiy dRHir | T (°C) dRHig dRHir | P (hPa) dRHi, dRHir
<10 0.73 0.27 —80to—60 0.88 0.12 133-200 0.90 0.097
10-30 0.89 0.11 —60to—40 0.94 0.062 | 200-400 0.96 0.042
30-100 0.90 0.10 —40t0o—20 0.98 0.024 | 400-600 0.97 0.027
100-1000 0.95 0.046 | —20-0 0.97 0.035 | 600-800 0.96 0.041
>1000 0.96 0.038 | >0 0.94 0.059 | >800 0.94 0.061
1.00 I-0.30 A 40y B 40{_—7.4
% —<— Contribution from H,0 o a=-0.00093 + 0.00050 a=-0.056 + 0.006
= gg5-| @ Contribution from T Lo25 S g b =0.93 £ 0.0005 S 9 b =0.94 + 0.002
5 : : = = 20 a=0.00043 + 0.00050 & - 20-2=0.058£0.006
5 g = b =0.075+0.0005 " = R0:0a5E0.002]
4 c = 5 = :
£ 0.90 020 3 o o
Q, e ag @Y 2 § 0 50 L
I = T T
g 0.85- 015 o x [
g_ 2 E—’ -20 -DI-:‘ -20
2 0.80 010 & © ©
S a
3 el 4014 ; : ; ; 401, : ; : :
£ 0.75- r0.05 3; 40 20 0 20 40 40 20 0 20 40
‘g ] dRHi (%) dRHi (%)
© o7l ‘ 000 , , . T
0 2000 4000 6000 Fig. 10. RHi horizontal variability in non-ISS (subsatu-

Length of adjacent subsaturated air (m)

Fig. 8. Contributions from HO (dRHig, left ordinate) andT

(dRHir, right ordinate) todRHimayx using various scales of hor-

izontally adjacent subsaturated air for comparisdRHi; and

rated + saturated) and 1SS conditioni®&) 1Hz dRHi analyses
for non-ISS (sample siz& =269 334), andB) 1 Hz JRHi analy-
ses for ISS ¥ =17 834). The large contributions ob8 horizontal
variability to dRHi do not vary significantly between non-ISS and
ISS conditions: 0.93 0.0005 (non-1SS) and 0.940.002 (ISS).

dRHir are in blue circles and red dots, respectively. Error bars rep-

resent 1 standard deviation of the linear fit #iRHi; or dRHir.
The large contributions from $O to dRHi hold for all length scales
of adjacent subsaturated air fron230 m to 6.7 km.
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Fig. 9. Contributions from HO (dRHi;) and T (dRHir) to the
dRHimaxinside the ISSRs in the clear-si#) and in-cloudB) con-
ditions. The number of ISSRs in clear-si&) and cloudy(B) con-
ditions is 783 and 273, respectively.

4.4 Horizontal spatial variability of all RHi and the
contributions from H ,0 and T spatial variability

izontal variabilities between ISS (Fig. 10a) and non-ISS
(Fig. 10b) conditions. Based on Eq. (1), we analyze the con-
tribution from H,O andT to the horizontal RHi variabili-
ties in terms ofdRHi. HeredRHi represents the difference
of the mean RHi values between one segment and its ad-
jacent segment in the horizontal # <1hPa). The analy-
ses of 1 HzdRHi show large contributions from # hori-
zontal variabilities for both ISS (0.980.005) and non-ISS
(0.944 0.002) conditions. In addition, if we combine the ISS
and non-ISS conditions and analyze the spatial variabilities
of all RHi at 1Hz scale (Fig. 11a), #D spatial variabili-
ties contribute 0.93 0.004 to the RHi variations. We also
analyzed the contribution of 4D variability to the variabil-
ity of all RHi with two less tight pressure restrictions: (1)
d P <10hPaand (2) no pressure restriction. The results show
that the BO contribution ta/RHi for these two scenarios are
0.93+0.0004, 0.93t 0.0004 at 1 Hz scale, and 0.840.01,
0.89+ 0.03 at 23km scale, respectively. These results sug-
gest that the pressure restriction does not influence our con-
clusion of the strong contribution of 4 variability to the
RHi variability.

To demonstrate that the contribution of® spatial vari-
ability to dRHi is not an artifact of instrumental noise, we fil-

Because ISS ultimately derives from non-ISS (subsaturatedered the 1 Hz data witl/H,Oppmv|/ BOppmv< 3 %. Af-
and saturated) conditions, we further compare the RHi horter removing these data, the contribution gfCHhorizontal

Atmos. Chem. Phys., 14, 2632656 2014

www.atmos-chem-phys.net/14/2639/2014/



M. Diao et al.: Cloud-scale ice-supersaturated regions 2649

>
3
|

variability to 1 Hz horizontaldRHi does not vary signifi- .
cantly, which is 0.96: 0.001. We note that the precision of a=-0.0045 + 0.0006
the H,O measurement is often < 1%, which is much smaller £ “7°22%=00%
than the criteria used here, such that we are likely remov- b=0.068:+0.0004 £
ing real atmospheric fluctuations with this procedure. Sim-

ilarly, when putting a very tight quality control on the pre-
cision of T measurement by filtering out the 1 Hz data with
|[dT|< 0.1K, the contribution of HO horizontal variability
to 1 Hz horizontaldRHi does not vary significantly either, 4047 ,
which is 0.82+ 0.003. Thus, even if the variabilities obB 40 20 0 20 40 60 0 10 20 30
andT well above the instrumental precision are filtered out, oRe (%) ORI (%)

the HO horizontal variabilities always have large contribu-
tions to the RHi horizontal variabilities.

Another method of examining the RHi variabilities is to
quantify the absolute deviation from a mean for both ISS
and non-ISS conditions (see Eq. 3a—c). HefRHi repre-
sents the mean of the absolute differences between each 1 HE 041
RHi and the average RHi value within a certain horizontal 024
segment. For example, a2.3 km scale, the RHi analyses L g & 2 : 3
show that a ratio of 0.92 0.001 of the 1 Hz RHi horizontal e
variabilities is contributed by the #0 horizontal variabili- 1S:mp"ng ey °
ties (Fig 11b). To test whether our results hold for all cloud
scales, various scales dRHi andoRHi are chosen. From Fig. 11. Contributions to RHi horizontal variability from $O and
~230 m up to~115 km, the results all show much larger con- 7 horizontal variabilities. The horizontal variability £ <1 hPa) of
tributions from the HO horizontal variabilities £0.9-0.8) @l RHi at 7' < —40°C is analyzed, including both ISS and non-

to the RHi horizontal variabilities than from tHehorizontal ~ 'SS conditions. Intercept and slope of the linear fitgQ@: blue
variabilities (~0.1-0.2) (Fig. 11c). dots; T red dots) are represented by valw@ndb in the legend,

. . o . respectively(A) 1 Hz dRHi for all RHi (sample sizeV =288 827);
The above analyses of RHi spatial variability are restncted(B) 1Hz oRHi at ~2.3km (10's) scale for all RHi =57 196);

to .7?5 Y .C' To e)fpand our anal){ses of RH spatial vari- (C) scaling of HO andT contributions from~230m to 115km
ability to various vertical levels, we binned the data by rangessoo s). Sample sizes dRHi from ~230 m to 115 km are 288 827,

of T (193-273.15K binned by 20K and >273.15K);® 85875, 20526, 6189, 1579, 372 and 166, respectively. Sample sizes
(<10, 10-30, 30-100, 100-1000, > 1000 ppmv) &d33—  of o RHi from ~690 m to 115 km are 192499, 57196, 18601, 5186,
200 and 200-1000 hPa binned by 200 hPa). We apply tha476, 768 and 303, respectively.

dRHi analyses at 1 Hz scale to all the relative humidity (RH)

observations from the surface to the UT/LS. The results in

Table 2 show that the #D horizontal variabilities always 4.5 Dynamical conditions of ISS with tracertracer

have dominant contributions to RH horizontal variabilities, correlation analyses

and these KO contributions decrease slightly from the sur- ) )

face to the UT/LS, e.g., from 0.940.001 at >800hPa to To undgrstand the scales of the dynamlcs that mﬂuenpe the
0.90+ 0.001 at 133-200 hPa. Although not shown in Table 2,formation of ISSRs, we examine two independent pairs of
the standard deviations of all théRHiz anddRHi, values conservatlvg tracers in extratropical regions, i.e., the- O
are smaller than the last digit of these fits. This finding is C© correlation (Pan et al., 2004) and the total water content
consistent with the previous findings about the decreasindg2Ctt)-wet equivalent potential temperatugg X correla-
variances of HO concentrations from the surface to the UT ton (Paluch, 1979). The, values are calculated based on

region (Cho et al., 2000: Kahn and Teixeira, 2009; Kahn etiN€ €quations given in Appendix A. For both tracer—tracer
al., 2011). In order to examine whether the dominant contri-correlations in Fig. 12, the grey background points represent

bution of HO variability varies with latitudes, seasons and the observations including both ISS and non-ISS, while the
between over land and ocean, we analyzed the contribution dfolored markers r_epresent_ ISS observations with each type of
H.0 andT variabilities to the 1 HZZRHi at differentP bins. ~ Marker representing one flight. In general, the values of tracer
Table 3 shows that the 4@ variability contribution at each correlat!ons shoyld.remaln constant (i.e., a single pointin the
pressure bin does not vary significantly when binned by lat-COrrelation plot) if air parcels are sampled from the same ori-
itude (0-30 N, 30° N-60° N, 60° N-87” N, 0-30'S, 30 S— 9N (i.e., same chemical tracer values). Otherwise, if mixing

60° S, 60 S—67 S), nor does it vary between observations between air parcels from different origins has occurred, the
over I’and and oce:;m or at different times of a year. correlation between the tracers follows a line or curve.
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Table 3. Contributions of HO andT horizontal variabilities to RH horizontal variabilities at varioBsranges at different latitudes, over
land and ocean and at different times of a year.

0-3C°N 30-60 N 60-87 N 0-30°S 30-60 S 60-67 S
P (hPa) dRHi; dRHir dRHi; dRHir dRHi; dRHir dRHi; dRHir dRHi; dRHir  dRHi; dRHir
<200 0.92 0.08 0.83 0.17 0.85 0.16 0.96 0.039 0.89 0.11 0.96 0.04
200-400 0.98 0.015 0.94 0.056 0.95 0.051 0.98 0.019 0.97 0.033 0.98 0.021
400-600 0.98 0.023 0.97 0.033 0.97 0.026 0.98 0.026 0.99 0.012 0.99 0.01
600-800 0.96 0.045 0.95 0.048 0.96 0.039 0.97 0.029 0.97 0.027 0.94 0.06
>800 0.93 0.075 0.94 0.059 0.94 0.063 0.94 0.06 0.96 0.046 0.93 0.068
Land Ocean

P (hPa) dRHi; dRHir dRHi; dRHir

<200 0.83 0.17 0.94 0.066

200400 0.94 0.059 0.98 0.023

400-600 0.96 0.045 0.98 0.017

600-800 0.94 0.057 0.97 0.033

>800 0.94 0.063 0.94 0.059

January (HIPPO1) Oct-Nov (HIPPO2) Mar-Apr (HIPPO3) Jun-Jul (HIPPO4) Aug-Sep (HIPPO5)  April-June (STARTO08)

P (hPa) dRHi; dRHir  dRHi; dRHir dRHi;  dRHir dRHi; dRHiz  dRHi; dRHir dRHi; dRHir
<200 0.94 0.061 0.87 0.13 0.97 0.031 0.93 0.074 0.93 0.064 0.79 0.21
200-400 0.93 0.069 0.94 0.062 0.98 0.025 0.97 0.026 0.96 0.036 0.94 0.06
400-600 0.99 0.012 0.97 0.026 0.98 0.021 0.98 0.019 0.97 0.026 0.95 0.053
600-800 0.98 0.025 0.96 0.041 0.97 0.029 0.96 0.037 0.96 0.044 0.92 0.081
>800 0.94 0.064 0.94 0.061 0.93 0.066 0.94 0.059 0.94 0.06 0.94 0.061

The O;—CO correlation can be used to highlight extrapolations of the mixing lines intercept tropospheric air
stratospheric—tropospheric mixing. According to Pan etat the two ends. On the other hand, the mixing lines with
al. (2004), we define the chemical tropospheric andnegative slopes represent stratospheric—tropospheric mixing
stratospheric regions based on the-©@O correlations in  (RF11, 15 in Fig. 12a), since their extrapolations intercept
STARTO08. The chemical troposphere is defined by the lin-stratospheric air at one end and tropospheric air at the other
ear fit to @ <70ppby, i.e.,y=a+b x x, wherey is Og (such as discussed in Zahn et al., 2004).

(ppbv), andx is CO (ppbv). Herea is 47.0+0.1, b is The -CO correlation captures the stratospheric—
0.063+0.010, and the standard deviation of the residu-tropospheric mixing well, but to highlight the tropospheric—
als () is 10.5. The stratospheric branch is fitted by a tropospheric mixing, HOw—6, correlation is also analyzed
quadratic polynomial fitx =ag + a1y + a2y?, wherey is Oz here. In general, the background of the atmosphere from the
(ppbv), andx is CO (ppbv).o, is the standard deviation surface to the UT/LS is represented as a “C” shape in the
of the residuals. Hereg=15.0£0.2, a1 =0.0299+ 0.0005, H2O0t—0, correlation (i.e., the grey background in Fig. 12b).
a;=—2.37x 107° £ 3 x 107/, andoyx =0.667. Above the fit The combination of high kit and low 6, values (up-

of chemical troposphere and on the right-hand side of the fiper left region) represents the tropospheric region, while the
of chemical stratosphere is the extratropical transition layercombination of low HO: and highé, values (lower right
(Pan et al., 2004). In Fig. 12a, the linear fit of the chemi- region) represents the stratospheric region. Compared with
cal troposphere angt 3 o, of the fit are shown as the black the ISS distributions in @-CO correlation, the ISS distribu-
and red dotted lines, respectively. We note that Fig. 12a idions in HOtor—0, correlation (colored markers in Fig. 12b)
only a part of the whole ©-CO tracer plot, and therefore follow mixing lines that deviate slightly from the straight
the fit of the chemical stratosphere is not shown in Fig. 12amixing lines, which implies that the specific entropy of the
All the ISS observations in START08 happened either in theair is not fully conserved. For example, if irreversible pro-
chemical troposphere or in the transition layer. The resultscesses happen, including external inputs of sensible and/or
show that most of the ISS observations (colored markers)atent heat and phase change, the mixing lines would deviate
from individual flights follow almost straight mixing lines. from a straight line. Based on the extrapolations of the ob-
The extrapolations of these mixing lines can help determineserved mixing lines, negative and positive slopes represent
the origins of air parcels being mixed. For example, the O tropospheric-tropospheric (RF09, 16, 17 in Fig. 12b) and
CO mixing lines with positive slopes represent tropospheric—stratospheric—tropospheric (RF11, 15 in Fig. 12b) mixing,
tropospheric mixing (RF09, 16, 17 in Fig. 12a), since the respectively.
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A 4004 observed at the two end points. This result is consistent with
S Thts . ey the previous simulation, which shows that small-scale tur-
- it bulence and eddies can play important roles in triggering ISS
300, — g RF14 format_lon and the subsequent ice freezing events (Fusina and
s RF8 EEZ Spichtinger, 2010). Thus, both large- and small-scale pro-
A RF9

o
x
2
]

cesses play important roles in setting the environment of
ISSR formation. On the one hand, uplifting and cooling pro-
vide the environments for ISSR formation on the mesoscale,
and these contribute to the increase of RHi in the Lagrangian
view (Spichtinger et al., 2005a, b). On the other hand, small-
scale processes contribute to the microscale structure of 1S-
SRs. For example, one possible cause of the microscdle H
spatial variability might be the widely observed turbulence

, . , . in the troposphere (Gage and Nastrom, 1986; Nastrom and
56 RFI6 300 oy 150 200 Gage, 1985; Nastrom et al., 1986). Yet we caution that high-
resolution measurements of 3-D wind fields are needed to

O, (ppbv)

B RES RALO RE RELL fully understand the cause of the microscale spatial variabil-
10 STARTR v RF10 ity of H2O field in the future.
All flights © RF11
ik 4.6 Eulerian view examples of using KO and T
. ] A RF6 O RF14 variabilities to derive RHi variabilities
A RF7 RF15
§ A RF8 + RF16 .
E} 4 RF9 ¢ Egg Here we use one example to demonstrate that the importance
§ of H2O horizontal variabilities when deriving the RHi hor-
s izontal variabilities in the Eulerian view (Fig. 13). Fig. 13a
. shows a typical time series of RHi (black solid lin&)(pur-
® ple cross) and O (light-blue dashed line) during a flight.
0014 The grey areas in Fig. 13a and c represent the ISSRs. If one
only usesT spatial fluctuations in the Eulerian view to de-
rive RHi spatial variability and neglects the@ spatial fluc-

280 300 320 340 360 380 200 tuations (Fig. 13b red short dashed line), the generated ISS
e e occurrences would be much lower compared with those in

Fig. 12.ISS observations along mixing lines in conservative tracer—real observations (Fig. 13a). In addition, if one ugeBuc-

tracer correlations(A) O3—CO correlations from START08 cam- tugtlons to_ compensat_e for the neglectegDI—qucf[u_atlor_ws
paign. (B) Total water content an€, correlations in STARTOS. (Fig. 13c pink dashed line), even though the RHi field is the
The horizontal solid black line is the linear fit to the tropospheric Sa8mMe, the generatel in ISSRs would be much lower un-
branch of all RHi observations and dotted lines aretir ofthe ~ necessarily (by up te-2K in this example, Fig. 13c) than
fits. For reference, grey background point$4) and(B) show the  the observedl in ISSRs (Fig. 13a). We note that for this
observations in all’ ranges. We note that part of the high ozone example, the uncertainty in RHi 313 %. Yet regardless of
data are not shown ifA). ISS data are colored by individual flight the uncertainties in RHi, the contribution of,8 variabil-
numbers with the same markers(i#) and(B). Because the mix-  jty to the variability of RHi would still be dominant even if
ing lines overlap with each other {#) and(B), we highlighted a 4| RHj values in this time series are lowered or increased
few straight mixing lines ywth arrows and _colored flight numbers as by 13% altogether. The artificially loweF inside the IS-
examples (see arrows with labels in the figure). SRs in this case will lead to unrealistic conditions for ice
nucleation, given the sensitivities of ice crystal growth rate
and small-scale turbulences to thdield. Thus it is critical
Most ISS mixing lines are straight, and their end points that the spatial variabilities of #D are considered instead

are far apart from each other, which indicates that the forma®f b€ing neglected or compensated for Byspatial vari-
tion of ISS involves the mixing of two distinctively different abilities. The extent of O horizontal variabilities may be
types of air parcels (see Appendix B). This feature could be? _useful ol_aservatlonal (_:onstraln_t to compare t_he 4-D cloud
explained by the previous findings that large-scale uplift usu-Mcrophysics models with 1-D aircraft observations.

ally plays an important role in ISSR formation (Spichtinger

etal., 2005a, b). The evenly distributed points along the mix-

ing lines show that the air parcels have been well mixed on

the small scale, since otherwise clusters of points would be
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Fig. 13.Example of derivations of ISS spatial variability on a horizontal layer. The horizontal grey solid line denotes RHi=100 % and grey
regions in(A) and(C) represent ISSR$A) Scheme 1 is an example of the horizontal distribution of RHi (black liigpurple cross) and

H>0O (light-blue dashed line) from the observati¢B) Scheme 2 either neglects 8 variability or T variability from the observation. The

red short dashed line (blue long dashed line) uses the gathO) variability as observed, but neglects® (T') fluctuations and only
considers the meand® (T') value. The result gives no ISS when neglectingHluctuations(C) Scheme 3 useE fluctuations to generate

the same RHi distribution as observed, but still neglect® fluctuations. The result implies low&rvalues in ISSRs (pink dashed line) than

the observed™ values (purple cross).

5 Atmospheric implications and future work trajectory analyses are needed to assess the roles of large-
scale dynamics in setting the overall cooling environment,

The formation of the microscale ISSRs are likely attributed while tracer Qn.alyses are negded 1o assess the_ roI(_as of turbu-
lence and mixing between air masses in contributing to the

to many dynamical processes on various scales. For exan}1 i ) . o
: eterogeneities of the 4O field. In particular, specific case
ple, on the microscale, processes such as small-scale tur-

. ; L . _Studies will be helpful in order to quantify the scales of ver-
bulence, small gravity waves, entrainment mixing and ice

crystal sedimentation could generate the microscale spatiz‘:{lcaI displacements that can generate the obseryeahtdri-

variability of H,O, which defines the location and magni- ability based on alocal ¥ profile. :
. ) . . . Our results show that although the dynamic causesGf H
tude of microscale ISSRs in the horizontal Eulerian view.On__ =" . .~ . : .
o variabilities may differ, the strong correlation between RHi
the other hand, mesoscale processes such as uplifting, large- : L :
. ) . and HO horizontal variabilities holds at each horizontal
scale gravity waves and deep convection could contribute t : :
) . ; . ayer from the surface to the extratropical UT/LS and tropical
the overall environment of cooling, which low&r and in- . ;
. : . . UT, from 87 N to 67 S, and is applicable for all cloud
crease RH in the Lagrangian view. Future work is needed o

n : o
both scales in order to quantify the contribution of individ- scales £0.23-115km). This ubiquitously observed feature
ual processes to the formation of ISSRs. For example, bac

kprovides a unique validation method for cloud and climate
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models on ISS spatial variability. In particular, there are cur-pressure and ice, respectively (Emanuel, 1994); @gglis
rently various small-scale dynamics considered in the clouctalculated based on the value of molecular heat capacity
models (Jensen and Pfister, 2004; Spichtinger and Kramenf ice (Cp,ice). Here the calculation of'pice at 7 >20K is
2013), as well as various parameterization schemes useshown as below (Emanuel, 1994; Giaugue and Stout, 1936):
to generate ISS sub-grid variability in the climate models

(Kércher and Burkhardt, 2008; Wang and Penner, 2010). Re€p jce = —2.0572+0.14644r +0.061631'exp(—(%)2), (A5)
cent results from some cirrus cloud models have shown that

including the ISS generated by small-scale dynamical prowhereT is temperature in K andp iceis in J kg 1K-1. we
cesses can have large impacts on cloud microphysics and iagse 7 = —51.8 C (mean temperature in START08) and get
crystal properties (Jensen and Pfister, 2004; Spichtinger and ice=31.0 Jmot 1 K~1; thusCige = 1.75x 10 Jkg 1K1,
Kramer, 2013). Climate models also showed that the inclu- Based on the definition of wet equivalent potential tem-
sion of sub-grid-scale ISS variability can modify the cloud perature €,) in Eg. (4.5.11) of Emanuel (1994) for warm
radiative forcing on the atmosphere (Kéarcher and Burkhardtclouds (mixture of liquid water droplets, water vapor and dry
2008; Wang and Penner, 2010). In fact, most cloud modelsiir), we derive ous, for cold clouds (mixture of ice parti-
(Jensen and Pfister, 2004, Jensen, 2005) and climate modtes, water vapor and dry air &t< —40° C). Our calculation
els (Karcher and Burkhardt, 2008; Wang and Penner, 2010pf ,, is shown as below and it applies to the entire RHi range
have been using@ variability as one of the main constraints from subsaturation to supersaturation:

for ISS variability, because not only is it commonly accepted

that the decrease @f drives the increase of RHi in a mass- 6, = T(@)ﬁ(@)—ﬁ exp Liceq ), (A6)
conservative Lagrangian view but it is also known that the pd 100 (Cpa+ QCice) T

;Taer\slgzciililfe 18$/k£) (TGQECt;ggg;' SF:?:ree l\)/\?oerrll ;’:gig dzz'towherePo is the reference pressure of 1000 mb, the total water
Y, : contentQ is defined ag) = g+rice, andLice is the latent heat

compare the simulation results_ W'.t.h the obs_ervatl_ons on theof sublimation. The function of.ice for T >30K is as below
contribution of HO spatial variability to RHi spatial vari- Muroh d K 2005):

ability in each horizontal layer. Understanding how the spa—( urphy and roop, )

tial H,O variability comes about, and why it is such a domi- 5 T

nant factor in the Eulerian view RHi field, will require future Lice = 467825+ 3589257 — 0.07414r" 45415 X~ (3537)"). (A7)

modeling studies and ultimately more accurate cloud mOdeIS\'Nhere T is temperature in K. We use

T=-51.8°C (mean temperature in STARTO08)

Appendix A and get  Lice=5.11x 10*Imor1K-1; thus
Lice=2.84x 10°Jkg 1K1, Equation (A6) applies for
Calculation of wet equivalent potential temperature 6,) all conditions: subsaturation, saturation and supersaturation

as well as both clear-sky and in-cloud conditions.
We here show the derivation 6f that has been used in our
analyses. AtT' < —40° C, air parcels contain dry air, wa-
ter vapor and ice particles with no supercooled liquid wa-

ter (Murphy and Koop, 2005). The entropy of air can be ex- == i
pressed as Mixing line mechanism

Appendix B

5 = sd+ ¢Sy + FiceSice, (A1) Chemical tracers inside the parcels can be considered to be
conservative tracers if they have much longer lifetimes than

wheresq, sy andsice are the specific entropy of dry air, wa- the mixing timescale. For examplez@nd CO can be used

ter vapor and ice, respectively, apdandrice are the mass as tracers of tropospheric and stratospheric air, respectively.

mixing ratios of water vapor and ice (kgkg), respectively.  If the research aircraft samples through a region that con-
tains air parcels from very different origins, this mixing fea-

sa = CpdInT — Rqln Pg, (A2) ture will show up in the tracer—tracer correlation plot as a
sy =CpyInT — RyIne, (A3) curve or line, which means that the concentrations of con-
Sice= CiceIn T, (A4) servative properties show variations along the sampling tran-

sect. If there is no mixing process, the correlation plot should
where Ry (287Jkg1K~1) and Ry (461Jkg! K—1) are  show almost the same values throughout. Whether the mix-
the gas constants for dry air and water vapor, respectivelyng feature will appear as a curve or a straight line in the cor-
(Emanuel, 1994);P4 and ¢ are dry air and water vapor relation plots is determined by the number of different levels
partial pressuresPg), respectively.Cfd (1004 JkgtK~1), of air that are mixed altogether. The straight line represents
Cpv (1870 kg1 K~1) andCice (J kgt K1) are the specific  mixing of air parcels only from two levels, while the curve
heats of dry air at constant pressure, water vapor at constamepresents mixing of air from more than two levels (Paluch,

www.atmos-chem-phys.net/14/2639/2014/ Atmos. Chem. Phys., 14, 263356 2014



2654 M. Diao et al.: Cloud-scale ice-supersaturated regions

1979). In the case of mixing of two levels, we useandY AcknowledgementsiWe gratefully acknowledge funding for
to represent the two conservative properties, and subscriptsfleld support and data analyses from the following sources: NSF
and 2 to represent two air parcels. The conserved propertie8TM-0840732 (HIPPO Global campaign) and AGS-1036275

after mixing (¢’ andY’) can be calculated as (STARTO8 campaign) for VCSEL (Princeton). M. Diao gratefglly
acknowledges support from the NASA Earth and Space Science
X' = fiX1+4 f2Xo, (B1) Graduate Fellowship (NASA NNXQQAOSlH) and the Walbridge
; B2 Fund Graduate Award. We appreciate the efforts of NCAR EOL
Y'=fin+ foY2, (B2) flight, technical, and mechanical crews during START08 and

h d he f . f . f the final HIPPO Global, in particular P. Romashkin for field maintenance
where fy and f2 are the fractions of a unit mass of the fina of the VCSEL hygrometer. We also appreciate helpful discussions

mixture constituted by fluid originally contained by parcel 1 \yith | ponner, S. Fueglistaler, L. L. Pan and I. M. Held. Com-

and 2, respectively. By mass conservatign;+ f2=1. The  ments and suggestions from two anonymous reviewers are also
ratio of the two conserved properti&sandY after mixing  appreciated.
follows a certain relationship as below:
Edited by: D. J. Cziczo

Yo 7Y X1(Y2—-Y
yo—x 2= 12— Y1)
X2—Xa X2—Xa
The correlation of (X) has a constant slopgz—-, which References
is only defined by the initial values &f1, X2, Y1 andY>. The
intercept of the correlation i — % which is also a
constant. The values of the conservative properties along the
straight mixing line are bounded by the original values at theCotton, R., Osbome, S., Ulanowski, Z., Hirst, E., Kaye, P. H.,

tvv.ollevels. Ther.efore,.by extrapolating the mixing lines the and Greenaway, R. S.: The Ability of the Small Ice Detec-

origins of the mixed air can be coarsely estimated (Paluch, tor (sID-2) to Characterize Cloud Particle and Aerosol Mor-

1979; Pan et al., 2004). phologies Obtained during Flights of the FAAM BAe-146
To demonstrate that the mixing between more than two Research Aircraft, J. Atmos. Ocean. Technol., 27, 290-303,

levels would not follow a straight line, we show the exam-  doi:10.1175/2009JTECHA1282.2010.

ple of three-level mixing. Her&X andY still represent the Cziczo, D. J., Froyd, K. D., Hoose, C., Jensen, E. J., Diao,

two conservative properties and subscripts 1, 2 and 3 repre- M., Zondlo, M. A., Smith, J. B., Twohy, C. H., and Mur-

sent three air parcels, and thus the conserved properties after Phy: D. M. Clarifying the Dominant Sources and Mecha-
mixing (X’ andY’) can be calculated as nisms of Cirrus Cloud Formation, Science, 340, 1320-1324,

doi:10.1126/science.123414%013.

Cho, J. Y. N., Newell, R. E., and Sachse, G. W.: Anomalous scaling
of mesoscale tropospheric humidity fluctuations, Geophys. Res.
Lett., 27, 377-380, ddi0.1029/1999GL01084&000.

X = £, X X X3, Davis, S. M., Hallar, A. G., Avallone, L. M., and Engblom, W.:
, fiX1+ foXa+ faXs Measurement of total water with a tunable diode laser hygrom-
Y' = fi¥Y1+ foYo + f3Y3, eter: Inlet analysis, calibration procedure, and ice water con-

. . tent determination, J. Atmos. Ocean. Technol., 24, 463-475,
where f1, fo and f3 are the fractions of a unit mass of d0i:10.1175/JTECH1975, 2007.

the final mixture constituted by fluid originally contained pijao, M., Zondlo, M. A., Heymsfield, A. J., Beaton, S. P., and
by parcels 1, 2 and 3, respectively. By mass conservation, Rogers, D. C.: Evolution of ice crystal regions on the microscale

f1 + f2 + fz=1.Inthis case there are five variablés ( based on in situ observations, Geophys. Res. Lett., 40, 3473—
Y, f1, fo and f3) in three equations. Therefokeis not only 3478, doi10.1002/grl.506652013.
a function ofX but also depends on the ratio of the mixing. Dickson, N. C., Gierens, K. M., Rogers, H. L., and Jones, R. L.:
The function ofY (X, f3) is shown as below (similar func- Propabilistig descriptioq of ice-gu.persaturated layers in low res-
tions can be derived far (X, f1) andY (X, f2)): olution profiles of relative humidity, Atmos. Chem. Phys., 10,
6749-6763, doi0.5194/acp-10-6749-20,12010.
Yo— Y1 Yo — Y1) (X3— X1) Emanuel, K. A.: Atmospheric Convection, Oxford University Press,
V=Xt fs(3=Y1- % 107144, 1994.
2741 (X2 = X1) Fusina, F. and Spichtinger, P.: Cirrus clouds triggered by radiation,
X1(Y2 — Y1) a multiscale phenomenon, Atmos. Chem. Phys., 10, 5179-5190,
th—-————F—. doi:10.5194/acp-10-5179-201R010.

X2—Xa Gage, K. S. and Nastrom, G. D.: Theoretical Interpreta-
The Y (X, f3) correlation function will not follow a straight tion of Atmospheric Wavenumber Spectra of Wind and
line in the correlation plot since it is highly unlikely thgi Temperature Observed by Commercial Aircraft During
(or f1, f2) will be constant within the mixing region as the ~ GASP, J. Atmos. Sci., 43, 729-740, dd:1175/1520-

mixing inside the region is not strictly uniform everywhere, ~ 0469(1986)043<0729:TIOAWS>2.0.CO;1986.
Gary, B. L.: Mesoscale temperature fluctuations in the stratosphere,

Atmos. Chem. Phys., 6, 4577-4589, d6i:;5194/acp-6-4577-
2006 2006.

Atmos. Chem. Phys., 14, 2632656 2014 www.atmos-chem-phys.net/14/2639/2014/


http://dx.doi.org/10.1029/1999GL010846
http://dx.doi.org/10.1175/2009JTECHA1282.1
http://dx.doi.org/10.1126/science.1234145
http://dx.doi.org/10.1175/JTECH1975.1
http://dx.doi.org/10.1002/grl.50665
http://dx.doi.org/10.5194/acp-10-6749-2010
http://dx.doi.org/10.5194/acp-10-5179-2010
http://dx.doi.org/10.1175/1520-0469(1986)043%3C0729:TIOAWS%3E2.0.CO;2
http://dx.doi.org/10.1175/1520-0469(1986)043%3C0729:TIOAWS%3E2.0.CO;2
http://dx.doi.org/10.5194/acp-6-4577-2006
http://dx.doi.org/10.5194/acp-6-4577-2006

M. Diao et al.: Cloud-scale ice-supersaturated regions 2655

Gettelman, A., Fetzer, E. J., Eldering, A. and Irion, F. W.: The  rus cloud crystal numbers, Atmos. Chem. Phys., 9, 3505-3522,
Global Distribution of Supersaturation in the Upper Troposphere  doi:10.5194/acp-9-3505-2002009.
from the Atmospheric Infrared Sounder, J. Clim., 19, 6089-6103,Lamquin, N., Stubenrauch, C. J., Gierens, K., Burkhardt, U., and
doi:10.1175/JCLI3955.,12006. Smit, H.: A global climatology of upper-tropospheric ice su-

Giauque, W. F. and Stout, J. W.: The entropy of water and the third persaturation occurrence inferred from the Atmospheric Infrared
law of thermodynamics. The heat capacity of ice from 15 to 274  Sounder calibrated by MOZAIC, Atmos. Chem. Phys., 12, 381—
°K, J. Am. Chem. Soc., 58, 1144-1150, 1936. 405, doi10.5194/acp-12-381-2012012.

Gierens, K. and Spichtinger, P.. On the size distribution Liou, K. N.: Radiation and cloud processes in the atmosphere, Ox-
of ice-supersaturated regions in the upper troposphere and ford University Press, 255-339, 1992.
lowermost stratosphere, Annales Geophysicae, 18, 499-504.ynch, D. K., Sassen, K., Starr, D. C., and Stephens, G.: Cirrus,
doi:10.1007/s00585-000-0499-Z000. edited by D. K. Lynch, K. Sassen, D. C. Starr, and G. Stephens,

Gierens, K., Kohlhepp, R., Dotzek, N., and Smit, H. G.: Instan-  Oxford Univ. Press, New York, 375-432, 2002.
taneous fluctuations of temperature and moisture in the up-Murphy, D. M. and Koop, T.: Review of the vapour pressures of ice
per troposphere and tropopause region. Part 1: Probability den- and supercooled water for atmospheric applications, Q. J. Roy.
sities and their variability, Meteorol. Zeitschr., 16, 221-231, Meteorol. Soc., 131(608), 1539-1565, d6i:1256/qj.04.94
doi:10.1127/0941-2948/2007/0192007. 2005.

Heymsfield, A. J., Miloshevich, L. M., Twohy, C., Sachse, G., and Nastrom, G. D. and Gage, K. S.: A Climatology of Atmospheric
Oltmans, S.: Upper-tropospheric relative humidity observations Wavenumber Spectra of Wind and Temperature Observed
and implications for cirrus ice nucleation, Geophys. Res. Lett.,, by Commercial Aircraft, J. Atmos. Sci., 42(9), 950-960,
25, 1343, doit0.1029/98GL010891998. d0i:10.1175/1520-0469(1985)042<0950:ACOAWS>2.0.GO;2

Jensen, E. J.: Formation of a tropopause cirrus layer observed 1985.
over Florida during CRYSTAL-FACE, J. Geophys. Res., 110, Nastrom, G. D., Jasperson, W. H., and Gage, K. S.: Horizontal spec-
D03208, doi10.1029/2004JD004672005. tra of atmospheric tracers measured during the Global Atmo-

Jensen, E. J. and Pfister, L.: Transport and freeze-drying in spheric Sampling Program, J. Geophys. Res., 91, 13201-13209,
the tropical tropopause layer, J. Geophys. Res., 109, D02207, do0i:10.1029/JD091iD12p13201986.
doi:10.1029/2003JD004022004. Ovarlez, J., Gayet, J. F., Gierens, K., Strom, J., Ovarlez, H., Au-

Kahn, B. H. and Teixeira, J.: A Global Climatology of riol, F., Busen, R., and Schumann, U.: Water vapour mea-
Temperature and Water Vapor Variance Scaling from the surements inside cirrus clouds in Northern and Southern
Atmospheric Infrared Sounder, J. Clim., 22, 5558-5576, hemispheres during INCA, Geophys. Res. Lett.,, 29, 1813,
doi:10.1175/2009JCLI12934,2009. doi:10.1029/2001GL01444@002.

Kahn, B. H., Gettelman, A., Fetzer, E. J., Eldering, A., and Liang, Paluch, I. R.: The Entrainment Mechanism in Colorado Cumuli, J.
C. K.: Cloudy and clear-sky relative humidity in the upper tropo-  Atmos. Sci., 36, 2467-2478, 1979.
sphere observed by the A-train, J. Geophys. Res., 114, DOOHOZRan, L. L., Randel, W. J., Gary, B. L., Mahoney, M. J., and

doi:10.1029/2009JD011732009. Hintsa, E. J.: Definitions and sharpness of the extratropical
Kahn, B. H., Teixeira, J., Fetzer, E. J., Gettelman, A., Hristova- tropopause: A trace gas perspective, J. Geophys. Res., 109,
Veleva, S. M., Huang, X., Kochanski, A. K., Kdhler, M., D23103, doi10.1029/2004JD004982004.

Krueger, S. K., Wood, R., and Zhao, M.: Temperature andPan, L. L., Bowman, K. P., Atlas, E. L., Wofsy, S. C., Zhang, F,,
Water Vapor Variance Scaling in Global Models: Comparisons  Bresch, J. F., Ridley, B. A., Pittman, J. V., Homeyer, C. R., Ro-
to Satellite and Aircraft Data, J. Atmos. Sci., 68, 2156-2168, mashkin, P. and Cooper, W. A.: The Stratosphere—Troposphere
doi:10.1175/2011JAS3737,.2011. Analyses of Regional Transport 2008 Experiment, B. Am. Mete-
Kércher, B. and Burkhardt, U.: A cirrus cloud scheme for general orol. Soc., 91, 327-342, d40.1175/2009BAMS2865,2010.
circulation models, Quarterly J. Roy. Meteorol. Soc., 134, 1439—Peter, T., Marcolli, C., Spichtinger, P., Corti, T., Baker, M. B. and
1461, doi10.1002/qj.30,12008. Koop, T.: When dry air is too humid., Science, 314, 1399-1402,
Kércher, B and Spichtinger, P.: Clouds in the Perturbed Climate doi:10.1126/science.1135192006.
System: Their Relationship to Energy Balance, Atmospheric Dy- Price, J. D. and Wood, R.: Comparison of probability density func-
namics, and Precipitation, edited by J. Heintzenberg and J. R. tions for total specific humidity and saturation deficit humid-
Charlson, MIT Press, Cambridge, Mass., 235-267, 2009. ity,and consequences for cloud parametrization, Q. J. Roy. Mete-
Koop, T., Luo, B., Tsias, A., and Peter, T.: Water activity as the de- orol. Soc., 128, 2059—-2072, dbd.1256/003590002320603539
terminant for homogeneous ice nucleation in aqueous solutions, 2002.
Nature, 406, 611-461, d4i0.1038/350205372000. Solomon, S., Qin, D., Manning, M., Chen, Z., Marquis, M., Avery,
Korolev, A. V., Emery, E. F., Strapp, J. W,, Cober, S. G., Isaac, G. K. B., Tignor, M., and Miller, H. L.: Climate Change 2007: The
A., Wasey, M., and Marcotte, D.: Small Ice Particles in Tropo-  Physical Science Basis, edited by: Solomon, S., Qin, D., Man-
spheric Clouds: Fact or Artifact? Airborne Icing Instrumentation  ning, M., Chen, Z., Marquis, M., Avery, K. B., Tignor, M., and
Evaluation Experiment, B. Am. Meteorol. Soc., 92, 967-973, Miller, H. L., Cambridge University Press, 2007.
doi:10.1175/2010BAMS3141,2011. Spichtinger, P. and Kramer, M.: Tropical tropopause ice clouds:
Kramer, M., Schiller, C., Afchine, A., Bauer, R., Gensch, |, Man- a dynamic approach to the mystery of low crystal numbers,
gold, A., Schlicht, S., Spelten, N., Sitnikov, N., Borrmann, S.,  Atmos. Chem. Phys., 13, 9801-9818, d6i.:5194/acp-13-9801-
de Reus, M., and Spichtinger, P.: Ice supersaturations and cir- 2013 2013.

www.atmos-chem-phys.net/14/2639/2014/ Atmos. Chem. Phys., 14, 26356 2014


http://dx.doi.org/10.1175/JCLI3955.1
http://dx.doi.org/10.1007/s00585-000-0499-7
http://dx.doi.org/10.1127/0941-2948/2007/0197
http://dx.doi.org/10.1029/98GL01089
http://dx.doi.org/10.1029/2004JD004671
http://dx.doi.org/10.1029/2003JD004022
http://dx.doi.org/10.1175/2009JCLI2934.1
http://dx.doi.org/10.1029/2009JD011738
http://dx.doi.org/10.1175/2011JAS3737.1
http://dx.doi.org/10.1002/qj.301
http://dx.doi.org/10.1038/35020537
http://dx.doi.org/10.1175/2010BAMS3141.1
http://dx.doi.org/10.5194/acp-9-3505-2009
http://dx.doi.org/10.5194/acp-12-381-2012
http://dx.doi.org/10.1256/qj.04.94
http://dx.doi.org/10.1175/1520-0469(1985)042%3C0950:ACOAWS%3E2.0.CO;2
http://dx.doi.org/10.1029/JD091iD12p13201
http://dx.doi.org/10.1029/2001GL014440
http://dx.doi.org/10.1029/2004JD004982
http://dx.doi.org/10.1175/2009BAMS2865.1
http://dx.doi.org/10.1126/science.1135199
http://dx.doi.org/10.1256/003590002320603539
http://dx.doi.org/10.5194/acp-13-9801-2013
http://dx.doi.org/10.5194/acp-13-9801-2013

2656 M. Diao et al.: Cloud-scale ice-supersaturated regions

Spichtinger, P., Gierens, K., and Read, W.: The global distribu-Wofsy, S. C., Daube, B. C., Jimenez, R., Kort, E., Pittman, J.
tion of ice-supersaturated regions as seen by the Microwave V., Park, S., Commane, R., Xiang, B., G.Santoni, Jacob, D.,
Limb Sounder, Q. J. Roy. Meteorol. Soc., 129, 3391-3410, Fisher, J., Pickett-Heaps, C., Wang, H., Wecht, K., Wang, Q.-
doi:10.1256/qj.02.1412003. Q., Stephens, B. B., Schertz, S., Romashkin, P., Canipgs,

Spichtinger, P, Gierens, K., and Dérnbrack, A.: Formation of ice su- Haggerty, J., Cooper, W. A., Rogers, D., Beaton, S., Elkins, J.
persaturation by mesoscale gravity waves, Atmos. Chem. Phys., W., Fahey, D., Gao, R., Moore, F., Montzka, S. A., Schwartz,
5, 1243-1255, daol0.5194/acp-5-1243-2003005a. J. P., Hurst, D., Miller, B., Sweeney, C., Oltmans, S., Nance,

Spichtinger, P., Gierens, K., and Wernli, H.: A case study on the D., Hintsa, E. F., Dutton, G., Watts, L. A., Spackman, R.,
formation and evolution of ice supersaturation in the vicinity of  Rosenlof, K., Ray, E., Zondlo, M. A., Diao, M., Mahoney, M.
a warm conveyor belt's outflow region, Atmos. Chem. Phys., 5, J., Chahine, MT., Olsen, E., Keeling, R., Bent, J., Atlas, E.
973987, doit0.5194/acp-5-973-20083005b. A., Lueb, R., Patra, P., Ishijima, K., Engelen, R., Nassar, R.,

Tilmes, S., Pan, L. L., Hoor, P., Atlas, E., Avery, M. A., Cam- Jones, D. B. and Mikaloff-Fletcher., S.: HIAPER Pole-to-Pole
pos,T., Christensen, L. E., Diskin, G. S., Gao, R. S., Herman, Observations (HIPPO): fine-grained, global-scale measurements
R. L., Hintsa, E. J., Loewenstein, M., Lopez, J., Paige, M. E., of climatically important atmospheric gases and aerosols., Phil.
Pittman, J. V, Podolske, J. R., Proffitt, M. R., Sachse, G. W., Trans. Roy. Soc. A Math Phys. Eng. Sci., 369, 2073-2086,
Schiller, C., Schlager, H., Smith, J., Spelten, N., Webster, C., doi:10.1098/rsta.2010.0313011.

Weinheimer, A., and Zondlo, M. A.: An aircraft-based upper Wood, R. and Field, P. R.: The Distribution of Cloud Horizontal
troposphere lower stratosphere O3, CO, and H20 climatology Sizes, J. Clim., 24, 4800-4816, d).1175/2011JCLI14056,1
for the Northern Hemisphere, J. Geophys. Res., 115, D14303, 2011.

doi:10.1029/2009JD012732010. Wylie, D. P. and Menzel, W. P.: Eight Years of High Cloud Statis-

Voémel, H., Oltmans, S. J., Johnson, B. J., Hasebe, F., Shiotani, tics Using HIRS, J. Clim., 12, 170-184, db.1175/1520-0442-
M., Fujiwara, M., Nishi, N., Agama, M., Cornejo, J., Pare- 12.1.1701999.
des, F., and Enriquez, H.: Balloon-borne observations of wa-Zahn, A., Brenninkmeijer, C. A. M. and Velthoven, P. F. J. van:
ter vapor and ozone in the tropical upper troposphere and Passenger aircraft project CARIBIC 1997-2002, Part I: The ex-
lower stratosphere, J. Geophys. Res., 107, ACL 8-1-ACL 8-16, tratropical chemical tropopause, Atmos. Chem. Phys. Discuss.,
doi:10.1029/2001JD000702002. 4,1091-1117, 2004,

Wang, M. and Penner, J. E.: Cirrus clouds in a global climate model http://www.atmos-chem-phys-discuss.net/4/1091/2004/
with a statistical cirrus cloud scheme, Atmos. Chem. Phys., 10,Zondlo, M. A., Paige, M. E., Massick, S. M. and Silver, J. A.:
5449-5474, doit0.5194/acp-10-5449-20,12010. Vertical cavity laser hygrometer for the National Science Foun-

dation Gulfstream-V aircraft, J. Geophys. Res., 115, D20309,
doi:10.1029/2010JD014442010.

Atmos. Chem. Phys., 14, 2632656 2014 www.atmos-chem-phys.net/14/2639/2014/


http://dx.doi.org/10.1256/qj.02.141
http://dx.doi.org/10.5194/acp-5-1243-2005
http://dx.doi.org/10.5194/acp-5-973-2005
http://dx.doi.org/10.1029/2009JD012731
http://dx.doi.org/10.1029/2001JD000707
http://dx.doi.org/10.5194/acp-10-5449-2010
http://dx.doi.org/10.1098/rsta.2010.0313
http://dx.doi.org/10.1175/2011JCLI4056.1
http://dx.doi.org/10.1175/1520-0442-12.1.170
http://dx.doi.org/10.1175/1520-0442-12.1.170
http://www.atmos-chem-phys-discuss.net/4/1091/2004/
http://dx.doi.org/10.1029/2010JD014445

